A conventional approach to achieving these requirements is to use capacitor-resistor (C-R ) coupled 'amplifier configuration, with feedback and/or peaking circuits, as the case may be.
Qualitative frequency-gain behaviors for the C-R coupled amplifier, the C-R coupled amplifier with the negative feedback circuit and the C-R coupled amplifier with the peaking circuit are shown comparatively in Fig. 1. IS21I of a conventional GaAs field-effect transistor (FET) having from 0.5-to 1.5-pm gate length is constant below the frequency range from 0.5 to 2 GHz and exhibits a 6-dB\octave rolloff above that frequency range. Accordingly, the bandwidth of the simple C-R coupled GRAS FET amplifiers, including direct coupled amplifiers, cannot be extended above about 2 GHz. in negative feedback amplifiers.
These are 1) degradation of amplifier gain, since the negative feedback amplifier has a constant value for gain-bandwidth product, and 2) added design difficulty in impedance matching. For the peaking technique, the bandwidth cannot be extended significantly since it is used in the C-R coupled amplifier.
Meanwhile, as shown in Fig. 1 , the gain of the C-R coupled amplifier is low, compared with the maximr.up available gain (MAG) of the GaAs FET.
In Fig. 2 . In the figure, source grounded GaAs FET's are used. All coupling (dc blocking) capacitors and RF bypass capacitors are omitted for convenience, because these capacitors only affect a low-cutoff frequency. Fig. 2(a) shows the C-R coupled amplifier which is generally used for baseband pulse amplification.
In the low-frequency range, the input impedances for source grounded GaAs FET's are very high, compared with the signal source impedance, which is usually 50 L? Accordingly, by selecting R, to be r, low VSWR at the input port is achieved. Load resistance for the first stage FET (FET 1) is decided mainly by R 2. Considering the output impedance for the second-stage FET (FET 2), R3 is chosen to achieve low VSWR at the output port. Load resistance for the amplifier r~is usually 500. Fig. 2(b) . By means of transformers F1, F2, and F3, resistors RI, R2, and R3 are transformed into high impedances in the microwave frequency range so that these resistors do not affect microwave impedance matching. The microwave impedance matching is achieved by Nl, Nz, and N3, just like the circuit in Fig. 2(b) . Meanwhile, N,, Nz, N3, F1, F2, and F3 in Fig. 2(c) , which are all low-pass form elements, operate as circuits having short electrical length in the low-frequency range. The low-frequency range gain is determined by R~, R~, and Rs.
Amplifier gains both in the low-frequency range and in the microwave frequency range can be established individually. To apply the circuit to flat-gain ultrabroad-band amplifiers, the gains in both frequency ranges are designed to be the same. A gain ripple which may occur in a crossover frequency range between the low and the microwave frequency ranges can be flattened by proper design Table I . A simulated frequency-gain characteristic for the Model A amplifier module is shown in Fig. 5 . That for the Model B amplifier module is shown in Fig. 6 . As shown in the figures, the Model A amplifier module band reaches 10.5 GHz with 10-dB gain and the Model B amplifier module band reaches 7 GHz with 15-dB gain. Low-cutoff frequencies of the amplifier modules are due to the coupling capacitors. For the matching network design in the microwave frequency range, computer-aided design optimization was used.
C. Circuit Description
Photographs of Model A and Model B amplifier modules are shown in Fig. 7 . Coupling and RF bypass capacitors are multilayer high dielectric constant ceramic capacitors. These capacitors were tested in a 50-L? system, in advance, over the 2-GHz to 8-GHz range. The VSWR for these capacitors is less than 1.5 over the frequency range. In the circuit configuration in Fig. 8(b) , when microstrip-conductor widths of the stubs are not negli~bly narrow compared with the microstrip line lengths (characteristic impedances for the stubs are low), it is difficult to realize equivalent electrical angles yll, ylz, and yl~(where y is propagation constant) which are shown in Fig. 8(a) . Y parameters for a transmission line having characteris- conductor widths for the stubs can be reduced. Therefore, the circuit configuration in Fig. 8(c) is more suitable than that in Fig. 8(b) , for the stubs having low characteristic impedances. All circuit components were mounted on a metal carrier measuring 3 cm X 3 cm.
IV. PERFORMANCE A. Frequency-Domain Characteristics
The gain-frequency characteristic measured in a SO-L?
system for the Model A amplifier module is shown in Fig. 5. An 8.6-dB gain is obtained over the 3-dB bandwidth from 800 kHz to 9.5 GHz. A 13.5-octave bandwidth is achieved. Fig. 9 shows input and output VSWR for the 800-kHz to 9.5-GHz amplifier module. The input VSWR is lower than 2 over the 2-MHz to I-GHz range and is lower than 4 over the l-MHz to 1O-GHZ range. For the output VSWR, less than 2 can be obtained over the 2-MHz to 9-GHz range. Input-output power responses for the amplifier module, measured at 0.5 GHz, 1 GHz, 4 GHz, and 8 GHz, are shown in Fig. 10 . The amplifier module has a 12-dBm power output at l-dB gain compression over the frequency range, from 0.5 GHz to 8 GHz.
Gain-frequency characteristic for the Model B amplifier module is also shown in Fig. 6 . A 14-dB gain is obtained over the 3-dB bandwidth from 700 kHz to 6 GHz. For pulse amplifications, a linear phase (nondispersive) char- acteristic as well as a flat-gain characteristic are required. By cascading two 800-kHz to 9.5-GHz amplifier modules without any external matching, 19-dB gain is obtained over the 800-kHz to 8.5-GHz band. The result is also shown in Fig. 5 . The gain-frequency characteristic has a slight gain slope caused by R~of the second amplifier module. The R~value measured for the fabricated second amplifier module was higher than the designed value. Adjusting the R~value lower, so that the gain of the lowfrequency range is reduced a flat gain will be achieved. The experimental result for the cascade amplifier demonstrates that, by cascading the amplifier modules, higher gain can be obtained without serious bandwidth degradation.
B. Time-Domain Characteristics
Step responses for the 800-kHz to 9.5-GHz amplifier module and the cascade amplifier are shown in Fig. 12 . Fig. 12(a) shows the input waveform having a 10-percent to 90-percent rise time of 75 ps. Both input and output waveforms for the 800-kHz to 9.5-GHz amplifier module are shown in Fig. 12(b) . The input waveform is the same as in Fig. 12 the output waveform tO is given by t:=t:-t; .
Using above relation, tais calculated as 40 ps. There is another approximate relation between amplifier high-cutoff frequency fc and ta,as fcta?+ .
From this relation, t== 35 ps is estimated. Results from (3) and (4) are in good agreement. 
C. Noise
Since the developed amplifier module has 12-dBm power output at 1-dB gain compression, it can be used as a main amplifier in some systems. Noise characteristics matter little for main amplifiers. However, when using the amplifier module as a preamplifier, its noise figure (NF) is very important. Also, it has been reported that GaAs FET's have l/f noise below several hundred megahertz [5] . Accordingly, noise characteristics for the 800-kHz to 9.5-GHz amplifier module were measured. Fig. 13 shows the NF over the 1O-MHZ to 6-GHz range. Better than 8-dB NF was observed across the 50-MHz to 6-GHz range. As shown in the figure, NF has a -0.8 dB/octave slope across the 1O-MHZ to 50-MHz range. To observe the noise characteristics below 10 MHz, output noise spectra for the amplifier module were measured using the spectrum analyzer. Fig. 14(a) shows the output noise spectra under bias supplied condition. Fig.  14(b) shows the output noise spectra without bias supply. As seen, amplifier output noise spectra have a -3 dB/octave slope below 4 MHz. This shows the existence of amplifier 1/f noise below 4 MHz. The NF variation caused by &33-percent drain current variation was within &O. 1 dB.
In the amplifier module, parallel 50-L! resistor R, in Assuming F. <(R./r), (l/r) >> Go, and l/r>>Bo, which is reasonable for source grounded GaAs FET's in' the lowfrequency range, NF ratio F'/F" is approximated as
Consequently, the addition of section B causes nearly 6-dB NF degradation.
To validate the result, NF values for the second 800-kHz to 9.5-GHz amplifier module, with and without R,, were measured. As shown in Fig. 16 , amplifier NF and gain without R, are about 6 dB better than amplifier NF and gain with R,. However, input VSWR without R~becomes large.
Consequently, circuit configuration, which requires no parallel resistor, should be considered if NF is a matter of concern.
V.
CONCLUSIONS
A novel ultrabroad-band amplifier design technique has been developed. The developed amplifier circuit operates as a C-R coupled amplifier circuit in the low-frequency range. It also utilized a lossless matching circuit in the microwave frequency range. Using this design method, an 800-kHz to 9.5-GHz bandwidth (13.5 octaves) amplifier module with 8.6-dB gain has been realized, The amplifier module has 40-ps step response rise time. It also has low input and output VSWR. By cascading two amplifier modules, 19-dB gain over the 800-kHz to 8.5-GHz range and 50-ps step response rise time were obtained. It was demonstrated that, by cascading the modules, higher gain can be obtained without degrading the bandwidth and the rise time. NF for the amplifier module is better than 8 dB over the 50-MHz to 6-GHz range.
The design examples presented in this paper have a simple circuit configuration. By increasing number of matching circuit sections and transformer sections, and by using shorter gate length FET's, wider bandwidth can be realized.
